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Abstract 
This paper summarizes efforts in assisting the North Carolina Department of Transportation (Rail Division) in developing a 
methodology for identifying and prioritizing safety projects at highway-rail at-grade crossings (grade crossings). This approach 
leverages recent developments in data management to improve the identification, prioritization and selection of safety projects 
through the calculation of all the costs and benefits associated to a safety project. This approach will also provide policymakers 
with the kind of information they need to communicate with the public and other government agencies about the benefits of 
investing in safety. 
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1. Introduction 
Over the last century, the United States has built a substantial amount of infrastructure for all modes of 
transportation, but in the last few decades has failed to allocate sufficient funding to the maintenance of this 
infrastructure. Fuel excise taxes are supposed to be accumulated in the Highway Maintenance Trust Fund that is 
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supposed to fund highway maintenance and improvements. However, as fuel prices rose starting in 2003, vehicle miles 
traveled and fuel tax revenues declined. The HMT has been consistently under-funded for most of the last 20 years. 
Other trends such as the public sector’s large debt and worsening pension fund burden due to the aging population 
indicate funding infrastructure expenditures by government agencies will continue to be challenged. Funding for safety 
improvements has not been immune from these trends’ impacts. Safety projects have had to compete for an allocation 
of funds hampered by the lack of visibility of secondary costs from insufficient investment as discussed in this paper. 
Over the last five years the US Department of Transportation (USDOT) has been leading a significant change in 
the process of allocating grants for infrastructure projects, embedded in the Transportation Infrastructure Generating 
Economic Recovery (TIGER) program established by Congress in 2009. Since then it has dedicated $4.1 billion for 
six rounds to fund projects that have a significant impact on the nation, a region or a metropolitan area. A variety of 
project types have been awarded including ports, rail, roads, transit, bicycle paths and pedestrian walkways. The 
TIGER program has a well-defined benefit-cost framework which has been identified as a primary decision driver in 
the most recent transportation authorization program, Moving Ahead for Progress in the 21st Century Act (MAP-21) 
signed into law in July, 2012.  
The TIGER program and MAP-21 follow the longer term efforts by the USDOT to bring infrastructure funding 
into a common capital budget allocation framework. This would also include Section 130 funding. This refers to the 
130th section of the 23rd United States code which outlines the Federal-Aid funding program for grade crossings. 
Therefore a contribution of this paper is to apply developments in the literature regarding estimation of at-grade crash 
costs and their probabilities within the USDOT benefit-cost framework in order to support Rail Division’s efforts to 
obtain funding from both the state and federal governments based on safety and economic merits.  
Most of the frameworks/models currently used for safety fund allocation have been developed under different 
circumstances for funding availability. However more recent research, as discussed in the next section, has shown how 
to identify and quantify the secondary impacts of safety improvements. By applying this to well established benefit 
cost analyses such as the Federal Rail Administration’s (FRA) with modifications to bring that in line with overall 
USDOT’s efforts, it is possible to quantify these impacts with the occasional conclusion that closing a rail crossing 
for safety may have a much lower benefit cost ratio than would otherwise be the case. Furthermore at the time of their 
development, conventional frameworks/models where challenged by the availability/accessibility of data and 
computing power. The recent developments in data management have provided an opportunity to leverage data-driven 
approaches, such as those described in this paper to improve the identification, prioritization and selection of safety 
projects. These developments should also provide policymakers with the kind of information they need to 
communicate with the public and other government agencies about the benefits of investing in safety. 
1.1. State of the practice 
1.1.1. Identifying potentially hazardous crossings 
Rail Division has been using variations of the Investigative Index formula since the early 1970s to identify and rank 
potentially hazardous crossings. The present version of the Investigative Index, Equation (1), NCDOT (2003), 
incorporates many variables and is divided into three parts; exposure, crash history, and sight distance. Variables used 
are level of crossing protection (Pƒ), highway traffic volume (ADTmodified), train volume (TV), train speed (TSF), 
number and type of tracks (TF), crash history (C crashes over Y years), and sight distance (SDF).  
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where ܣܦܶ݉݋݂݀݅݅݁݀ ൌ Average Daily Traffic (vehicles per day) with the following modifications:  
x Add (number of school bus occupants)/1.2 to ADT when school buses use the crossing 
x Multiply ADT by 1.2 when hazardous materials exist 
x Multiply ADT by 1.2 when passenger trains use the crossing 
The FRA Prediction Model, Ogden (2007), is the most commonly used method for identifying, selecting and 
programming rail safety crossing projects in the US. This formula was developed in the mid-1980s and was designed 
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to be used with crossing inventory data supplied and supported by the USDOT National Highway-Rail Crossing 
Inventory database. It is considered an absolute formula as it calculates the number of crashes per year as opposed to 
a relative value such as what is produced by the investigative index. Three sets of equations are provided for passive, 
flashing light, and gated crossings. 
Current approaches identify hazardous locations by focusing on fixed rail/highway crossings, i.e. the resulting 
outputs of the above models will identify the high-risk crossings but do not provide enough insight to compare a 
highway-rail grade crossing with highway intersections. Future models and evaluations of transportation modes will 
integrate data and promote an effective cross mode approach for targeted capital investment impacting the entire 
transportation infrastructure. As competition for safety improvement funding increases, rail safety projects will have 
to compete with other transportation modes, consequently new metrics will be developed to ensure hazard levels can 
be derived from hazard models unique to the individual transportation modes, comparable to other modes, and directed 
by criteria to a specific funding source. 
1.1.2. Benefit Cost Analysis 
Rail Division is currently using the same Benefit Cost Analysis (BCA) approach as the Highway Division. On the 
cost side this approach only focuses on NCDOT’s out-of-pocket costs and only considers crash reductions when 
calculating benefits. Highway crashes are inherently different from grade crossing crashes. While highway crashes are 
more frequent, they are less likely to be fatal or incur injury and more likely to be property damage only (PDO) 
compared to rail crashes, as shown in Figure 1. In addition to the severity profile, their impact on cargo flows is also 
different. While road/highway cargo flows have multiple rerouting options, rail cargo flows are often constrained by 
the limited connectivity and are severely delayed due to closures caused by grade crossing crashes. 
 
Fig. 1: Profiles of Consequences for Grade Crossing and Highway Crashes 
These fundamental differences make the highway benefit cost approach less than suitable for rail BCA purposes. 
In the past few years two major reports were published on measuring the cost of a grade crossing crash. Findings 
of these reports were used as a basis for the crash cost calculation of this effort. 
Mid-America Transportation Center Study, Khattak (2012), provides a standardized methodology for assessing the 
expected annual crash costs at grade crossings in Nebraska, and the potential benefits from removing and replacing 
grade crossings. The study traces a scenario using traffic conditions at the mean grade crossing crash. The study has 
defined the fatality and injury costs as primary costs of the crash and supply chain and logistics cost as secondary 
costs. 
National Cooperative Highway Research Program (NCHRP) Report 75, Brod (2013): Comprehensive Costs of 
Highway-Rail Grade Crossing Crashes presents an analytical framework to estimate the cost of grade crossing crashes 
by decomposing the expected cost of a crash into different elements and suggests an approach for estimating the value 
of the cost elements. The study also provides an excel-based tool to calculate the cost of a crash based on its 
characteristics. Unlike the Mid-America Transportation Center study which was focused on estimating the future 
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expected cost of a crash, the provided tool is focused on a single crash and requires additional work for being used as 
a screening methodology for BCA. 
1.2. Overview of the proposed approach 
Recent advances in data collection/management/distribution along with improvements in computational 
capabilities led Rail Division to tasking M&N with the improvement of its approach towards safety project 
identification, analysis and prioritization. 
M&N’s proposed approach leverages the available data to create a simplified way of evaluating projects by 
monetizing the crash cost and using the monetized value through the project identification, evaluation and 
prioritization process, shown in Figure 2. The rest of this paper provides overview of the developed framework. Section 
2 discusses measuring the cost of a grade crossing crash; Section 3 combines the calculated crash costs with crash 
probability formulas to identify high-risk crossing based on their expected crash cost; Section 4 expands the benefit 
cost analysis from safety and construction cost into four dimensions of livability, economic competiveness, safety, 
state of good repair and environmental sustainability to measure the B/C ratio of safety improvement projects; and 
Section 5 provides a roadmap for next steps and applicability of the proposed method for project prioritization 
purposes. 
 
 
Fig. 2: Proposed Project Identification, Evaluation and Selection Process 
2.  Cost of a grade crossing crash 
A recent review of literature provided in the National Cooperative Highway Research Program (Brod, 2013), 
categorizes the cost of a grade crossing crash in two groups of primary and often significantly larger secondary effect 
costs: 
x Primary Effect Costs are direct, indirect, and intangible costs associated with property damage, injury, and fatal 
crashes (more visible at the time of the crash) 
x Secondary Effect Costs are costs accrued to delayed travelers and cargo, and to parties beyond the immediate 
road and rail travelers and service operators (less visible at the time of the crash). 
2.1. Primary effect costs 
As mentioned above, primary effect costs include direct, indirect, and intangible costs associated with property 
damage, injury, and death. Primary effect costs are grouped into the following categories: 
x Injury costs: This category reflects the comprehensive fatality and injury costs of crashes. NCDOT’s standardized 
crash costs, Brad (2011), shown in Table 1, are used as the basis for injury cost calculations. These multiple 
injury type are defined as: 
○ Fatal Injury: Any injury that results in death within 12 months after the crash occurred. 
○ A Type Injury (disabling): An injury obviously serious enough to prevent the injured person from performing 
his normal activities for at least one day beyond the day of the crash. 
○ B Type Injury (evident): An obvious injury, other than a fatality or A Type injury, which is evident at the 
scene. Bruises, swelling, limping, soreness, are examples. This injury would not necessarily prevent the 
person from carrying on his normal activities. 
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○ C Type Injury (possible): No visible injury, but person complains of pain, or has been momentarily 
unconscious. 
Table 1: 2011 Cost per Fatal and Injury Crash Type in North Carolina 
 Fatal Injury A Injury B Injury C Injury 
Comprehensive Cost $4,210,043 $211,843 $54,255 $25,810 
x Property Damage Costs: The property damage cost of a crash is identified based on the Highway-Rail Grade 
Crossing Accident/Incident data, FRA 2014, shown in Table 2. 
Table 2: Vehicle and Rail Property Damage Costs 
Crash Type Vehicles Rail Equipment Rail Infrastructure 
Fatal $8,893 $21,762 $3,344 
Injury $14,337 $12,331 $2,560 
PDO (Property Damage Only) $6,402 $2,001 $1,573 
2.2.  Secondary Effect Costs 
Secondary effect costs are defined as costs accrued by delayed travelers and cargo, and to parties beyond the 
immediate road and rail travelers and service operators. Previous research defines the main elements of the secondary 
effect costs as follows: 
x Delay and Rerouting Costs: The added vehicle and train operating costs plus the added value of driver, passenger 
and train operator time caused by delay or rerouting 
x Supply Chain Transportation Costs: Encompasses shipper costs from tying up additional inventory for a period of 
time, shipper replacement deliveries, and penalty fees to compensate for schedule disruption 
x Supply Chain Inventory Cost: Additional inventory carrying cost impacted by the crash to cover loss, spoilage or 
otherwise provide substitute goods. 
 
The primary driver of these costs is the closure of the grade crossing during the investigation and clean-up following 
the crash. This closure leads to delays and rerouting of passengers and cargo which would increase the travel time and 
cost as well as the supply chain and logistics costs of the cargo. There is no comprehensive research on the closure 
time caused by at-grade crossing crashes. Crash closure and rerouting times were estimated based on a survey of the 
limited available data and expert judgment. These estimates were later used to calculate the following segments of 
secondary effect costs:  
x Roadway Vehicle Delay and Rerouting Costs: These reflect the additional operational costs, value of passenger 
and operator costs due to increased travel time caused by an at-grade crossing crash. Vehicle delay and rerouting 
costs are comprised of the increased operating cost of rerouting affected vehicles plus the value of the driver and 
passenger time for the duration of closure/rerouting 
x Rail Delay and Rerouting Costs: Depending on the type of the train, the rail delay cost is measured by estimating 
the cost of train idling, value of train operator(s)’ time and value of train passengers’ time 
x Truck Supply Chain Costs: Identified to measure the additional pipeline inventory costs and stock outage/safety 
stock costs resulting from the delay caused by the at-grade crossing crash 
x Rail Supply Chain Costs: These costs depend on the number of railcars in the train, the average cargo weight of 
each railcar and the average value per ton for the cargo carried by the trains. 
2.3. Crash cost calculation example 
The Norfolk Southern crash on Back Creek Church Road, Mecklenburg County, on March 5th, 2010 was selected 
to demonstrate the use of current literature in estimating the cost of an at-grade crossing crash. This crash involved no 
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fatalities, no injuries and no release of hazardous materials. It was selected because it is an uncomplicated example of 
an at-grade crossing crash. 
The crash occurred on a rural minor collector road with an average annual daily traffic (AADT) of 8,779 vehicles 
per day. Of these vehicles, 1 % of the traffic consists of trucks. The crossing consists of a singular track and is used 
by 22 trains per day. 
The cost of this specific crash was estimated to be $51,564, as shown in Table 3. Out of the total crash cost, $32,596 
(63%) is the secondary effect costs which could not be observed by exclusively looking at reported crash costs. Crash 
cost calculations are presented in the Appendix A. 
Table 3: Crash Cost Elements 
 Cost Element Cost  
Primary Effect Costs 
Fatality and Injury Costs $0 
HazMat Release Cost $0 
Vehicle Property Damage $10,000 
Rail Equipment Damage $8,045 
Rail Infrastructure Damage $923 
Secondary Effect Costs 
Vehicle Rerouting Costs $4,768 
Value of Passenger Time  $3,536 
Truck Delay/Rerouting Cost $86 
Value of Truck Driver Time $45 
Train Idling Cost $91 
Train Crew Cost $39 
Truck Supply Chain Cost $135 
Rail Supply Chain Cost $23,896 
 Total: $51,564 
3. Screening for potentially hazardous crossings 
At-grade crossing crashes are rare events. The future expected cost of crashes at the crossing can be conditionally 
estimated by: 
x The probability of a crash happening 
x The cost of the crash should the crash happen. 
x This section will elaborate on how the crash probabilities are estimated and how historical data on crash costs is 
combined to generate a value for the future expected costs of a crash at a specific crossing. 
3.1. Expected crash costs 
The expected cost of a crash has two primary components, the probability and the cost of a crash. To calculate the 
expected crash cost we need first to estimate probability of crash occurrence along with the probability of each crash 
type and the measure the cost of each crash type. A complete mathematical representation of above, as discusses by 
Ogden (2007), is show in Equation (2) (detailed calculation of probabilities is provided in Appendix B). 
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x ௖ܲ is the probability of a crash x ܲሺܨȁܥሻ is the probability of fatality given crashes 
x ܥி்௅ is the average cost of fatal crashes x ܲሺܫȁܥሻ is the probability of injury given a crash 
x ܥ௉஽ை is the average cost a property damage only crashes 
3.2. Cost-based screening example 
Applying the above cost calculation to all of the public grade crossings in North Carolina will generate the expected 
crash cost at each crossing. The expected crash cost can be used as a basis of ranking grade crossings. Table 4 shows 
how the expected crash cost can be used to analyze and rank a subset of North Carolina’s grade crossings.  
In Table 4, Pc represents the probability of having a crash at Crossing 1 and P(FǀC) and P(IǀC) represents the 
probabilities of fatality and injury should a crash happen at Crossing 1. For a given crash at Crossing 1, the cost of 
injury and fatality would be $848,142 (as shown in Expected Fatality and Injury Cost of Crash) and the total expected 
cost of the crash would be $908,708, should it happen. The anticipated cost of Crossing 1 is calculated by multiplying 
the expected cost of the crash, should it happen, by the probability of having a crash in a given year. 
This table shows the cost of not taking any corrective actions. Safety countermeasures can be used to change the 
crash probability at a crossing and consequently change the expected cost of the crossing. 
Table 4: Ranking Based on Expected Crash Costs 
Crossing ۾܋ ۾ሺ۴ȁ۱ሻ ۾ሺ۷ȁ۱ሻ Expected Fatality and 
Injury Cost of Crash 
Expected Cost of 
Crash 
Expect Crash Cost of 
Crossing 
1 6.1% 13% 28% $848,142 $908,708 $55,556 
2 4.5% 15% 25% $959,919 $1,022,760 $46,227 
3 4.4% 15% 31% $939,472 $1,002,613 $44,545 
4 4.9% 13% 26% $819,679 $879,301 $43,202 
5 4.6% 13% 26% $856,579 $917,048 $42,279 
6 4.0% 15% 28% $971,401 $1,034,896 $41,335 
7 4.4% 13% 26% $846,098 $906,326 $40,323 
4. Preliminary benefit cost analysis 
BCA is defined as a systematic process for calculating and comparing benefits and costs of a project for two 
purposes1. 
x ሺǤǤሻ
x ሺǤǤሻǤ
BCA is a way to assess the relative value of projects in monetized estimates. Benefit/Cost ratio is the primary 
output of the BCA which is calculated by the incremental monetized benefits related to a project by the incremental 
costs of that project. Projects with a B/C ratio of higher than 1 are said to be efficient investments and projects with 
B/C ratio of less than 1 are called inefficient investments, since the cost to the project is higher than its benefits. 
4.1. Why benefit cost analysis? 
Increasing competition for increasingly scarce resources requires higher level diligence in allocating funds to 
proposed projects. The benefit/cost ratio can be used as a means to compare the relative value of different projects. 
 
 
1 National Academies Transportation Research Board (TRB) Economics Committee. http://bca.transportationeconomics.org/ (accessed August 
2014) 
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Proposed projects can be prioritized (in terms of economic efficiency) by assessing their individual B/C ratios. Projects 
with a higher B/C ratio are said to be a more efficient use of funds1. 
4.2. Safety improvement costs and benefits 
The following benefits and costs were identified for a crossing safety improvement project:  
x Project Cost: Defined as Investigation, Design and Implementation Costs of a new safety countermeasure. These 
costs are estimated based on Rail Divisions’ historical records 
x Crossing Safety Costs/Benefits: The expected changes in crossings’ crash costs in response to implementing a new 
countermeasure. These costs are calculated using Highway Safety Manual’s Crash Modification factors to adjust 
the post-installation likelihood of having a crash at a specific crossing 
x Maintenance and The State of Good Repair Costs: Cover the cost of maintaining the crossings as well as the 
surrounding infrastructure caused by implementation of the new safety countermeasure. Examples of this category 
would be switching from crossbucks to flashing lights and gates. This would have a higher maintenance cost at the 
crossing. Another option is closing a crossing and diverting the traffic which would increase the maintenance cost 
of the surrounding infrastructure 
x Emission/noise pollution: Cover the additional emission and noise pollution costs of implementing a 
countermeasure due to traffic diversions. Closing a crossing leads to additional vehicle miles traveled and these 
additional miles impose a cost to the society 
x Roadway Safety Costs: Aside from the additional maintenance, emission and noise pollution, the traffic diversion 
caused by implementation of rail safety countermeasures can increase roadway crashes on alternate paths. The cost 
of this increase is measured as Roadway Safety Costs in the proposed BCA 
x Travel Time Costs: Traffic diversions increase the total travel time of vehicular and truck traffic. The cost of this 
increase is measured and considered as Travel Time Costs in the proposed BCA. 
4.3. Measuring the benefit cost ratio 
After identifying the major cost elements of the BCA three templates were designed for measuring the benefit to 
cost ratio of proposed safety improvement projects. Federal Rail Administration’s worksheet was used as the baseline 
for developing these templates (2). 
The FRA template calculates the benefit cost ratio of a grade crossing safety project by looking at its implementation 
cost, maintenance cost, safety benefits, salvage value and service life while considering the applied interest rate. This 
template does not make any distinction between countermeasures. 
In the proposed framework, this template is expanded to make a distinction between grade separation, warning 
device installation and crossing closure projects. Furthermore the cost and benefit scope of the standard template was 
expanded to address all costs and benefits defined in Section 4.2, above, by addition of emission/noise pollution, 
roadway safety, roadway maintenance and travel time costs. 
4.4. BCA analysis case studies 
Several case studies were performed using the new BCA approach and their outcomes were compared with the 
industry standard. 
4.4.1. Case study 1: safety device 
The first case study was performed on a CSX Crossing in the town of Maxton. The current warning device in place 
is crossbucks, the AADT at the crossing is 1,564, of which 3% are trucks. The current expected annual crash cost of 
the crossing is estimated to be $79,476. 
 
 
1 Operations Benefit/Cost Analysis Desk Reference. http://ops.fhwa.dot.gov/publications/fhwahop12028/sec2.htm#sec21 (accessed August 2014) 
97 Ali Z. Rezvani et al. /  Transportation Research Procedia  8 ( 2015 )  89 – 102 
The proposed alternative safety device for this crossing is flashing lights and gates. The average cost of installing 
the new safety device was estimated to be $223,564 (according to historical records), with a service life of 17 years. 
The new safety device will reduce the probability of crashes by 50% and will have a negligible impact on traffic 
patterns. 
The benefit cost ratio of this project was calculated to be 1.44 which makes it an efficient project. This greater than 
one ratio indicates that the total safety benefits of this project outweigh the construction and maintenance costs of the 
safety countermeasure over its lifetime, and the project should be selected for further considerations. 
4.4.2. Case study 2: crossing closure 1 
This framework was also used to tackle more complex cases. The second case study looks at a closure candidate. 
The candidate crossing is located in Roxobel, NC on a shortline railroad. The current warning device in place is 
crossbucks, the AADT at the crossing is 385 with the average daily truck share of 5%. The current expected annual 
crash cost of the crossing is estimated to be $3,389. 
The proposed countermeasure for improving safety at this crossing is closing it to highway traffic. The estimated 
cost of closing a crossing is $25,000 according to historical records. Such an action would eliminate the potential for 
any future grade crossing crashes at this specific location. Closing the crossing will also force the traffic onto an 
alternate route which is 0.63 miles longer and crosses the same railroad at a different location. 
The cost of this traffic diversion was calculated based on US Federal Highway Administration Guidelines, see 
Table 5, and added to the total costs of the project. 
Table 5: Traffic Diversion Costs: FHWA 2000 Pavement, Congestion, Crash, Air Pollution, and Noise Costs for Illustrative Vehicles under 
Specific Conditions (Cents/Mile, Adjusted for 2014) 
Vehicle Class/Highway Class Pavement Congestion Crash Air Pollution Noise Total 
Autos/Rural Interstate 0.00 1.05 1.32 1.54 0.01 3.93 
Autos/Urban Interstate 0.14 10.40 1.61 1.80 0.12 14.05 
40 kip 4-axle S.U. Truck/Rural Interstate 1.35 3.31 0.63 5.20 0.12 10.61 
40 kip 4-axle S.U. Truck/Urban Interstate 4.19 33.05 1.16 6.06 2.03 46.48 
60 kip 4-axle S.U. Truck/Rural Interstate 7.56 4.41 0.63 5.20 0.15 17.96 
60 kip 4-axle S.U. Truck/Urban Interstate 24.44 44.06 1.16 6.06 2.27 77.99 
60 kip 5-axle Comb/Rural Interstate 4.46 2.54 1.19 5.20 0.23 13.61 
60 kip 5-axle Comb/Urban Interstate 14.18 24.83 1.55 6.06 3.71 50.33 
80 kip 5-axle Comb/Rural Interstate 17.15 3.01 1.19 5.20 0.26 26.80 
80 kip 5-axle Comb/Urban Interstate 55.22 27.08 1.55 6.06 4.10 94.01 
 
Without considering the external traffic diversion costs, this closing project would have a B/C ratio of higher than 
one, which would identify it as an efficient project. The traffic diversion caused by the crossing closure will lead to an 
additional 109,633 miles of vehicular and 5,772 miles of truck travel. The increase in the miles traveled imposes an 
annual cost of $153,000 on the project which would bring down the B/C of the project to 0.02 and result in an extremely 
inefficient use of funds. This low B/C ratio is an indicator that this project should not be selected for further 
considerations. 
5. Conclusion and future work 
The proposed framework has a comprehensive look at the costs and benefits of a crossing safety improvement 
project. Through this comprehensive look, this framework is able to identify the high risk crossing by measuring the 
expected cost of the crossing. The proposed framework has also monetized the safety and non-safety-related impacts 
of implementing the countermeasure.  
The monetary approach towards the risk assessment and impact analysis creates a simplified one-dimensional space 
for project evaluation as opposed to the current practice of using multiple dimensions in screening and impact analysis. 
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This facilitates communication with stakeholders and the public and brings the process in-line with USDOT’s efforts 
to establish an overall infrastructure investment funding process that can be applied across all modes and objectives, 
such as safety and mobility. In its current stage the proposed approach focuses on metropolitan-only or small 
community-only BCA. In the future this approach should be expanded beyond a single community to address multiple 
projects along a corridor. The expanded framework will also have the ability of prioritizing projects under limited 
budget by expanding the planning horizon beyond one year and sequencing the corridor level projects in a way that 
yields the maximum quantifiable benefits to society. 
Appendix A 
Closure and rerouting times are two most important factors in determining the secondary effect costs of the crash. 
Previous researches have made an effort to tackle this either by collecting the data on closure and rerouting times from 
only few sources for different crash types or making assumptions based on the expert judgment. Neither of these 
approaches is comprehensive enough to draw a solid conclusion that can be applied to all cases. For the purpose this 
paper the authors, with inputs from the Rail Division, used the expert judgment approach to calculate the secondary 
costs of the crash. 
A.1. Roadway Vehicle Delay and Rerouting Costs 
Delay and rerouting costs reflect the additional operational costs and value of passenger and operator costs due to 
delays and increase in travel time caused by an at-grade-crossing crash. Vehicle delay and rerouting costs are 
comprised of the increased operating cost of rerouting affected vehicles plus the value of passenger time lost: 
x ܥ݋ݏݐ݋݂ݒ݄݈݁݅ܿ݁ݎ݁ݎ݋ݑݐ݅݊݃ ൌ ܣ݂݂݁ܿݐ݁݀ܸ݄݈݁݅ܿ݁ݏ ൈ ܴ݁ݎ݋ݑݐ݅݊݃ܶ݅݉݁ ൈ ܥ݋ݏݐ݋݂ܸ݄݈݁݅ܿ݁ܱ݌݁ݎܽݐ݅݋݊
x ܸ݈ܽݑ݁݋݂݌ܽݏݏ݁݊݃݁ݎݏݐ݅݉݁ ൌ ܣ݂݂݁ܿݐ݁݀ܸ݄݈݁݅ܿ݁ݏ ൈ ܣݒ݁ݎܽ݃݁ܰݑܾ݉݁ݎ݋݂ܲܽݏݏ݁݊݃݁ݎݏ݌݁ݎܸ݄݈݁݅ܿ݁ ൈ
ܴ݁ݎ݋ݑݐ݅݊݃ܶ݅݉݁ ൈ ܸ݈ܽݑ݁݋݂ܲܽݏݏ݁݊݃݁ݎܶ݅݉݁ 
Number of affected vehicles is calculated based on the equation below where: 
x Ǣ
x Ψሺሻ
   ¹¸
·
©¨
§uu 
24
%1 DelayTimeADTTAADThiclesAffectedVe

Truck delay and rerouting costs are comprised of the operating cost of rerouting the affected truck plus the cost of 
the truck operator’s time for the rerouting. 
x ܥ݋ݏݐ݋݂ݐݎݑܿ݇ݎ݁ݎ݋ݑݐ݅݊݃ ൌ ܣ݂݂݁ܿݐ݁݀ݐݎݑܿ݇ݏ ൈ ݎ݁ݎ݋ݑݐ݅݊݃ݐ݅݉݁ ൈ ܥ݋ݏݐ݋݂ݐݎݑܿ݇݋݌݁ݎܽݐ݅݋݊ 
x ܸ݈ܽݑ݁݋݂ݐݎݑܿ݇݀ݎ݅ݒ݁ݎݐ݅݉݁ ൌ ܣ݂݂݁ܿݐ݁݀ݐݎݑܿ݇ݏ ൈ ݎ݁ݎ݋ݑݐ݅݊݃ݐ݅݉݁ ൈ ܶݎݑܿ݇݀ݎ݅ݒ݁ݎݏǯ݄݋ݑݎ݈ݕݓܽ݃݁ 
Number of affected trucks is calculated based on equation below where: 
x ǣ
x Ψǣሺሻ
  ¹¸
·
©¨
§uu 
24
% DelayTimeADTTAADTuckAffectedTr  
A.2. Rail Delay and Rerouting Costs 
Depending on the type of the train the rail delay cost is measured by estimating the following components: 
x ܥ݋ݏݐ݋݂ܶݎܽ݅݊ܫ݈݀݅݊݃ ൌ ܦ݈݁ܽݕݐ݅݉݁ ൈ ݐݎܽ݅݊݈݅݀݅݊݃ܿ݋ݏݐ (for each affected train) 
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x ܸ݈ܽݑ݁݋݂ݐݎܽ݅݊݋݌݁ݎܽݐ݋ݎሺݏሻݐ݅݉݁ ൌ ܦ݈݁ܽݕݐ݅݉݁ ൈ ݊ݑܾ݉݁ݎ݋݂ݐݎܽ݅݊݋݌݁ݎܽݐ݋ݎ ൈ
ݒ݈ܽݑ݁݋݂ݐݎܽ݅݊݋݌݁ݎܽݐ݋ݎǯݏݐ݅݉݁ (for each affected train) 
x ܸ݈ܽݑ݁݋݂ݐݎܽ݅݊݌ܽݏݏ݁݊݃݁ݎݏݐ݅݉݁ ൌ ܦ݈݁ܽݕݐ݅݉݁ ൈ ܽݒ݁ݎܽ݃݁݊ݑܾ݉݁ݎ݋݂݌ܽݏݏ݁݊݃݁ݎݏ݌݁ݎݐݎܽ݅݊ ൈ
ݒ݈ܽݑ݁݋݂ݐݎܽ݅݊݌ܽݏݏ݁݊݃݁ݎǯݏݐ݅݉݁ 
A.3. Truck Supply Chain Costs 
Supply chain transportation and inventory costs are identified to measure the additional pipeline inventory costs 
and stock outage/safety stock costs resulting from the delay caused by the at-grade-crossing crash. This paper uses the 
approach provided by an FHWA, Winston 2004, report to measure the congestion costs to shippers as a percentage of 
cargo value. This report assumes the following congestions costs for freight: 
x ͲǤʹΨǢ
x ͲǤ͸ΨǢ
x ͲǤͶΨ
Truck supply chain cost depends on the value of the cargo carried by the truck. Due to the lack of visibility on truck 
cargo carried on different roadways an average value approach is used to estimate the supply chain costs for both the 
value of the cargo and the time value of the cargo. Freight Analysis Framework (FAF3-2011) was used to estimate 
the dollar per ton value of the truck cargo.   
x ܸ݈ܽݑ݁݌݁ݎݐ݋݊ሺݐݎݑܿ݇ሻ ൌ ̈́ͳǡͳͶ͵ 
x ܶ݋݊ݏ݌݁ݎݐݎݑܿ݇ ൌ ͳ͹ 
x ܣݒ݁ݎܽ݃݁ܶݎݑܿ݇ܸ݈ܽݑ݁ ൌ ݐ݋݊ݏ כ ݒ݈ܽݑ݁݌݁ݎݐ݋݊ ൌ ͳ͹ ൈ ͳǡͳͶ͵ ൌ ̈́ͳͻǡͶ͵ͳ 
x ܣݒ݁ݎܽ݃݁ܵݑ݌݌݈ݕܥ݄ܽ݅݊ܥ݋ݏݐ݌݁ݎܶݎݑܿ݇݌݁ݎܪ݋ݑݎ ൌ ͳͻǡͶ͵ͳ ൈ ͲǤ ͶΨ ൌ ̈́͹ͺ 
A.4. Rail Supply Chain Costs 
Rail supply chain costs depend on the number of railcars in the train, the average cargo weight of each railcar and 
the average value per ton for the cargo carried by the trains. Rail movement data from the Association of American 
Railroad report was used to estimate the rail supply chain costs, Association of American Railroads (2013). 
x ܥܽݎ݈݋ܽ݀ݏ ൌ ͵ͲǡͲͲͲǡͲͲͲ
x ܶ݋݊ݏ ൌ ͳǡͺͺͷǡͲͲͲǡͲͲͲ
x ܶ݋݊ݏȀܥܽݎ݈݋ܽ݀ ൌ ͳǡͺͺͷǡͲͲͲǡͲͲͲȀ͵ͲǡͲͲͲǡͲͲͲ ൌ ͸ʹǤͺ͵
x ܦ݋݈݈ܽݎ݌݁ݎݐ݋݊݋݂ݎ݈ܽ݅ǡ ݉ݑ݈ݐ݅݌݈݁݉݋݀݁ܽ݊݀݈݉ܽ݅ ൌ ͳǡͲ͹͵
x ܣݒ݁ݎܽ݃݁ܴ݈ܽ݅ܿܽݎܸ݈ܽݑ݁ ൌ ݐ݋݊ݏ כ ݒ݈ܽݑ݁݌݁ݎݐ݋݊ ൌ ͸͵ ൈ ͳǡͲ͹͵ ൌ ̈́͸͹ǡͷͷͻ
x ܣݒ݁ݎܽ݃݁ܴ݈ܽ݅ܵݑ݌݌݈ݕܥ݄ܽ݅݊ܥ݋ݏݐ݌݁ݎܴ݈ܽ݅ܥܽݎ݌݁ݎܪ݋ݑݎ ൌ ͸͹ǡͷͷͻ ൈ ͲǤͶΨ ൌ ̈́ʹ͹Ͳ
 
Table 6 summarizes the value of time, operational costs and other factors that are used in the paper to calculate the 
secondary effects costs of this report. 
Table 6: Secondary Cost Parameters 
Parameter Value Source 
Vehicle Delay and Rerouting Costs 
Value of Passenger Time 12.50 $/hour TIGER Benefit-Cost Analysis Resource Guide 2012 
Vehicle Operation Cost 25.28 $/hour Khattak 2012 
Truck Delay and Rerouting Cost 
Value of Truck Driver’s Time 23.70 $/hour TIGER Benefit-Cost Analysis Resource Guide 2012 
Truck Operating Costs 45.42 $/hour Khattak 2012 
Rail Delay and Rerouting Costs 
Value of Passenger Time 44.30 $/hour TIGER Benefit-Cost Analysis Resource Guide 2012 
Value of Locomotive Engineer Time 33.00 $/Hour TIGER Benefit-Cost Analysis Resource Guide 2012 
Value of Transit – Rail Operator Time 38.00 $/Hour TIGER Benefit-Cost Analysis Resource Guide 2012 
Train Idling Costs 14.25 $/Hour Brod 2013 
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A.5. Calculating the crash cost 
A.5.1 Primary Effect Costs 
The specific crash in this study, as noted in 2.3, had no fatalities or injuries. The following costs are considered for 
this crash based on observed data and national averages presented in Table 2: 
x 	ǣ̈́ͲሺሻǢ
x ǣ̈́ͳͲǡͲͲͲሺሻǢ
x ǣ̈́ʹǡͲͲͳሺǡʹሻǢ
x ǣ̈́ͳǡͷ͹͵ሺሻ
Highway fatality, injury and highway property damages are reported for each crash, however rail equipment and 
infrastructure damages are reported only if the value of the damage is higher than $9,900 in 2013. In the cost 
calculations the fatality, injury and highway property damage costs are shown in accordance to the crash reports, and 
rail equipment and infrastructure damages are shown based on their national average value. 
A.5.2 Secondary Effect Costs 
A.5.2.1 Passenger Car Delay and Rerouting Costs 
Delay and rerouting costs reflect the additional operational costs and value of passenger and operator costs due to 
delays and increase in travel time caused by an at-grade-crossing crash. The vehicle crash rerouting costs are calculated 
using the parameters from Table 7 and FRA data from form 6180.57, Highway-Rail Grade Crossing Accident/Incident 
Report: AADT = 8779; ADTT= 1%. 
As mentioned earlier this paper uses the expert judgment approach to estimate the closure and rerouting times. The 
rail closure time for this crash type was estimated to be equal to 125 minutes and the rerouting was estimated to be 15 
minutes. Using these estimates the vehicle delay cost of this crash is calculated as: 
x ͳͷǢ
x ܴ݋ܽ݀ܥ݈݋ݏݑݎ݁ݐ݅݉݁ ൌ ͳʹͷ݉݅݊ݑݐ݁ݏ
x ܰݑܾ݉݁ݎ݋݂ܦ݈݁ܽݕ݁݀ܸ݄݈݁݅ܿ݁ݏ ൌ  ሺͺ͹͹ͻ ൈ ͲǤͻͻሻ ൈ ൫ሺͳʹͷȀ͸ͲሻȀʹͶ൯ ൌ ͹ͷͶ
x ܸ݄݈݁݅ܿ݁ܴ݁ݎ݋ݑݐ݅݊݃ܪ݋ݑݎݏ ൌ ͹ͷͶ ൈ ͲǤʹͷ ൌ ͳͺͺ݄݋ݑݎݏ
x ܸ݄݈݁݅ܿ݁ܴ݁ݎ݋ݑݐ݅݊݃ܥ݋ݏݐݏ ൌ ͳͺͺ ൈ ʹͷǤʹͺ ൌ ̈́Ͷǡ͹ͷ͵
x ܸ݈ܽݑ݁݋݂ܲܽݏݏ݁݊݃݁ݎܶ݅݉݁ ൌ ͳͺͺ ൈ ͳǤͷ ൈ ͳʹǤͷ ൌ ̈́͵ǡͷʹͷ
A.5.2.2. Truck Delay and Rerouting Costs 
In a similar fashion we can calculate the truck delay and rerouting costs: 
x ͳͷ
x ܴ݋ܽ݀ܥ݈݋ݏݑݎ݁ݐ݅݉݁ ൌ ͳʹͷ݉݅݊ݑݐ݁ݏ
x ܰݑܾ݉݁ݎ݋݂ܣ݂݂݁ܿݐ݁݀ܶݎݑܿ݇ݏ ൌ  ሺͺ͹͹ͻ ൈ ͲǤͲͳሻ ൈ ൫ሺͳʹͷȀ͸ͲሻȀʹͶ൯ ൌ ͹Ǥ͸
x ܶݎݑܿ݇ܴ݁ݎ݋ݑݐ݅݊݃ܪ݋ݑݎݏ ൌ ͺ ൈ ͲǤʹͷ ൌ ʹ݄݋ݑݎݏ
x ܶݎݑܿ݇ܦ݈݁ܽݕܥ݋ݏݐݏ ൌ ʹ ൈ ͶͷǤͶʹ ൌ ̈́ͻͳ
x ܸ݈ܽݑ݁݋݂ܶݎݑܿ݇ܦݎ݅ݒ݁ݎܶ݅݉݁ ൌ ʹ ൈ ʹ͵Ǥ͹ ൌ ̈́Ͷ͹
A.5.2.3. Rail Delay and Rerouting Costs 
x ܦ݈݁ܽݕܶ݅݉݁ ൌ ͺ͵݉݅݊ݑݐ݁ݏ 
x ܲ݁݋݌݈݁݋݊ݐ݄݁ܶݎܽ݅݊ ൌ ʹ 
x ܰݑܾ݉݁ݎ݋݂ܮ݋ܿ݋݉݋ݐ݅ݒ݁ ൌ ʹ 
x ܶݎܽ݅݊ܥݎ݁ݓܥ݋ݏݐ ൌ  ሺͺ͵Ȁ͸Ͳሻ ൈ ʹ ൈ ͵͵ ൌ ̈́ͻͳ 
x ܶݎܽ݅݊ܫ݈݀݅݊݃ܥ݋ݏݐ ൌ  ሺͺ͵Ȁ͸Ͳሻൈ ʹ ൈ ͳͶǤʹͷ ൌ ̈́͵ͻ 
A.5.2.4. Supply Chain Costs 
Supply chain costs are calculated based on Supply chain costs of Truck and Rail cargo: 
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x ܶݎݑܿ݇ܵݑ݌݌݈ݕܥ݄ܽ݅݊ܥ݋ݏݐ ൌ ܰݑܾ݉݁ݎ݋݂ܶݎݑܿ݇ݏ ൈ ܦ݁ݐ݋ݑݎܶ݅݉݁ ൈ ܶ݅݉݁ܸ݈ܽݑ݁݋݂ܥܽݎ݃݋ ൌ ͺ ൈ
ͲǤʹͷ ൈ ͹ͺ ൌ ̈́ͳͷ͸
x ܴ݈ܽ݅ܵݑ݌݌݈ݕܥ݄ܽ݅݊ܥ݋ݏݐ ൌ ܰݑܾ݉݁ݎ݋݂ܥܽݎݏ ൈ ܦ݈݁ܽݕܶ݅݉݁ ൈ ܶ݅݉݁ܸ݈ܽݑ݁݋݂ܥܽݎ݃݋ ൈ
ܣݒ݁ݎܽ݃݁ܣ݂݂݁ܿݐ݁݀ܶݎܽ݅݊ݏ ൌ ͹Ͷ ൈ ͳǤ͵ͺ ൈ ʹ͹Ͳ ൈ ͳǤͲ͹ͷ ൌ ̈́ʹͻǡ͸ͶͲ
Appendix B 
B.1. Crash Probabilities 
This paper uses the Federal Railroad Administration Accident Prediction formula (FRA formula) to estimate the 
probability of a crash in a highway-rail grade crossing. FRA formula was developed in the mid-1980s, Ogden (2007), 
and was designed to be used with crossing inventory data. It is considered an absolute formula as it calculates the 
number of crashes per year as opposed to hazard indices which rank crossings in relative terms (the higher the 
calculated index the more hazardous the crossing). Calculating the predicted number of crashes at a crossing is a three-
step process. First, the basic formula is calculated, which is followed by a second calculation which accounts for crash 
history at the crossing, and lastly the resulting value if multiplied by the appropriate normalizing constant shown in 
Table 1. The normalizing constant is periodically adjusted by FRA to calibrate the equation. 
The basic formula is the product of seven different values which account for characteristics at the crossing. The 
basic formula takes the following form: 
HLHTMSHPDTMTEIKa uuuuuuu  
where: 
x ܽ is the initial collision prediction, collisions per year at the crossing; 
x K is the formula constant; 
x EI is the factor for exposure index based on product of highway and train traffic; 
x MT is the factor for number of main tracks; 
x DT is the factor for number of through trains per day during daylight; 
x HP is the factor for highway paved (yes or no); 
x MS is the factor for maximum timetable speed; 
x HT is the factor for highway type; 
x HL is the factor for number of highway lanes 
The second part of the calculation incorporates the crash history at a crossing. The equation below is used to 
combine the historical crash frequency with the output of the basic formula (the equation above): 
  ¹¸
·
©¨
§
 T
N
TT
T
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TT
T
B
0
0
0
0  
where 
x ܤǡǢ
x ܽǡǢ
x Ȁǡǡ
Ǣ
x ଴ܶǣ
a
T  05.0
0.1
0  
The original formulae were developed using the April 1986 inventory data and crash history from 1981 through 
1985. To keep the procedure matched with the current collision trends and crossing characteristics, the FRA 
periodically updates three normalizing constants included in the calculation. Table 7 lists the current and past 
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normalizing constants. In addition to the formulation for calculating the likelihood of crashes, FRA provide metric to 
estimate the likelihood of a crash involving injuries or fatalities should it happen. 
Table 7: Crash Prediction Current and Prior Normalizing Constants 
Warning Device Group 2010 2007 2005 2003 1998 1992 1990 1988 1986 
Passive 0.4613 0.6768 0.6407 0.6500 0.7159 0.8239 0.9417 0.8778 0.8644 
Flashing Lights 0.2918 0.4605 0.5233 0.5001 0.5292 0.6935 0.8345 0.8013 0.8887 
Gates 0.4614 0.6039 0.6513 0.5725 0.4921 0.6714 0.8901 0.8911 0.8131 
B.1.1. Fatality Probability 
The probability of a fatal crash given that a crash occurred, denoted as ܲሺܨȁܥሻ, is estimated as: 
URTSTTMSCF
CFP uuuu 1
1)|(  
where: 
x CF: formula constant = 695 
x MS: factor for maximizing timetable train speed. ܯܵ ൌ ݉ݏିଵǤ଴଻ସ, ms = maximum timetable train speed, mph 
x TT: factor for through trains per day. ܶܶ ൌ ሺݐݐ ൅ ͳሻି଴Ǥଵ଴ଶହ, tt = number of through trains per day 
x TS: factor for switch trains per day. ܶܵ ൌ  ሺݐݏ ൅ ͳሻ଴Ǥଵ଴ଶହ, ts = number of switched trains 
x UR: factor for urban or rural crossing. ܷܴ ൌ ݁଴Ǥଵ଼଼଴௨௥, ur = 1, urban crossing; 0, rural crossing. 
B.1.2. Injury Probability 
The probability of an injury given that a crash occurred, P(I│C), is calculated as follow: 
USTKMSCI
CFPCIP uuu
 
1
)|(1)|(  
where: 
x (I|C): probability of a injury accident, given that an accident occurred; 
x CI: formula constant = 4.280 
x MS: factor for maximum timetable train speed; ܯܵ ൌ ݉ݏି଴Ǥଶଷଷସ, ms = maximum timetable train speed, mph 
x TK: factor for number of tracks; ܶܭ ൌ ݁଴Ǥଵଵ଻଺௧௞, tk = total number of track at crossing 
x UR: factor for urban or rural crossing; ܷܴ ൌ ݁଴Ǥଵ଼ସସ௨௥, ur = 1, urban crossing; 0, rural crossing. 
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